Abstract-This paper presents a design of compact a triple-band bandstop filter (BSF) using embedded chip capacitors. The presented BSF is useful to suppressing the signal frequencies 2.2 GHz, 5.53 GHz and 4.15 GHz from the WLAN and UWB band with attenuation level 33.5 dB, 27.6 dB and 24.9 dB, respectively. The quality factors of the three bands are 5.21, 31.92 and 79.0, respectively. The simulated and measured results are presented to validate the concept. Such BSFs could find application in modern communication systems to suppress the potential interference of the unwanted frequencies from the WLAN and UWB band.
INTRODUCTION
Nowadays, multifunctional wireless integrated communication systems become more and more important and have been used for miniaturization of the communication equipment. In recent years, lots of works have been done on integrated and multifunctional wireless communication systems. Multi-band bandstop filters play an important role and are tremendously preferred, which can be simultaneously used for stopping different signal frequencies. Some effective methods have been proposed to develop dual-band [1] [2] [3] [4] and triple-band bandstop filters [5] [6] [7] [8] [9] [10] [11] [12] . However, the design of triple-band bandstop filters (TB-BSFs) and controlling the stopband frequencies within the specified band are difficult. Hence, relatively less works have been done on TB-BSFs [5] [6] [7] [8] [9] [10] [11] [12] . Recently, some TB-BSFs are designed by using series LC resonators and admittance inverters [5] , T-shaped defected microstrip structure [6] , cross coupling stubs [7] , square patch resonator [8] , defected microstrip structure (DMS) and E-shaped defected ground structure (DGS) with open-loop resonators coupled to the microstrip line [9] , U-shaped DGS [10] , Hilbert-Fork resonator [11] and by using meander line stepped impedance resonator [12] . Multi-ring complementary split ring resonators (multi-ring CSRRs) [13] , and meandered DMS (MDMS) structure [14] have also been utilized to design the Triple-Band BSFs.
These TB-BSFs are very useful for suppressing the spurious signals, but the controls of stopband frequencies are very difficult. Because of this difficulty, these bandstop filters are useful only for the particularly designed frequencies. Recently, frequencies band from 2.0 and 2.2 GHz of the S band has been approved for Mobile Satellite Service (MSS) networks in connection with Ancillary Terrestrial Components (ATC) [15] . The frequency bands 4.15 GHz and 5.22 GHz are used for WLAN band. These three frequencies interfere with the other WLAN and UWB band of frequencies. Therefore, suppressing these frequencies requires a multi-band bandstop filter.
This paper presents the design of a triple-band bandstop filter (TB-BSF) using a C-type slot in the ground plane with embedded chip capacitors. The proposed BSF suppresses the potential interference of the unwanted signal frequencies from the WLAN and UWB band. The simulated and experimental results are finally provided to validate the concept.
PARAMETRIC STUDY
The proposed TB-BSF with capacitor loaded C-type slot is shown in Fig. 1(b) . The C-type slot is etched in the ground plane of a 50 Ω microstrip line on a Neltech substrate with ε r = 3.2, h = 0.762 mm. 3D electromagnetic software, CST Microwave studio 2011, has been used to design the proposed bandstop filters [16] . The unloaded C-type slot (without chip capacitors) resonates at two frequencies lower resonance frequency f L and upper band resonance frequency f H , with scaling factor f H /f L ≈ 3. The simulated |S 21 | responses of the C-type slot with fixed gap g = 1 mm and G = 2 mm for three different sizes are shown in Fig. 1(c) (1) and (2).
where λ g √ ε r is the guided wavelength obtained using lower resonance frequency, and d in 1 , d in 2 are the dimensions of the C-type slot. For the lower resonance frequency f L1 = 5.4 GHz, the dimensions of the C-type slot computed using (1) and (2) 
.6 mm. Using these dimensions, the slot provides the slightly changed lower resonance frequency at f L1 = 5.49 GHz and the upper resonance frequency at f U 1 = 16.132 GHz. Here frequency f L1 = 5.4 GHz has been selected so that by doing scaled down with the scaling factor, we can achieve the lower resonance frequency of the TB-BSF at 1.8 GHz.
In the next step, the chip capacitors are embedded in the slot, as shown in Fig. 1(b) . The electric field distribution and frequency response of the slot without loading the chip capacitors are shown in Fig. 2 and Fig. 1(c) , respectively. Figure 2 shows the electric field distribution in the slot region for both the lower and upper resonant frequencies. At the lower resonance frequency (Fundamental mode), the electric field has one maximum while at the higher resonance (Third harmonic mode) that is nearly 3 times the lower one, and we observe three maxima. The electric field concentration in Region-I are higher than Region-II for the fundamental mode. For the third harmonic mode, however, the electric field concentration is more in Region-II than Region-I. These two regions have been used to design the TB-BSF by placing the chip capacitors. Three different chip capacitors are required to design a TB-BSF, and the placement of these capacitors is shown in Fig. 1(b) .
Our next task is to lower the resonance frequencies in 1-8 GHz band, say in the WLAN band. For this purpose, we load the C-type slot by chip capacitors as shown in Fig. 1(b) . Using an EM-simulator, we shall study below the impact of the capacitors C 1 and C 2 for fixed C 2 = 0.3 pF. Figure 3 demonstrates the variation of f 1 , f 2 and f 3 of the TB-BSF with embedded chip capacitors. Fig. 3(a) presents the decrease of frequency f 1 with capacitor C 2 for fixed capacitor C 2 = 0.3 pF. Fig. 3(b) shows the variation of the second resonance frequency with capacitor C 2 for fixed capacitor C 2 = 0.3 pF. Initially, the second resonance frequency is slightly lower, and then it starts increasing to some peak value and finally becomes constant. As soon as the capacitors C 2 and C 2 become equal, the TripleBand BSF changes to a Dual-Band BSF with a slight shift in frequency, discussed in detail [4] . Further increasing the value of C 2 , the Dual-Band BSF again splits into a Triple-Band BSF. Fig. 3(c) shows the gap in frequency (f 3 ). This gap demonstrates the merging of Triple-Band to Dual-Band BSF. Fig. 3 can be used as a design chart to design the TB-BSF.
It is interesting to note that before merging in to Dual-Band BSF, the resonance frequency (f 3 ) appears in higher frequency side whereas it appears in the lower frequency axis after merging, as shown in Fig. 4 . The shifts of the frequency (f 3 ) in higher and lower frequency regions due to the chip capacitors are shown in Fig. 4 . However in both the case the resonance frequency (f 2 ) is almost the same. Figure 3 can be used as a design chart to design TB-BSF, as we have already discussed in above section. For the design and fabrication of the TB-BSFs, a Neltech substrate with ε r = 3.2, h = 0.762 mm is used. To verify the design methodology, three TB-BSFs are designed for three different frequencies. For case-1, the specified frequencies of the TB-BSF are (f 1 = 2.0 GHz, f 2 = 5.42 GHz and f 3 = 3.86 GHz), for case-2 (f 1 = 1.6 GHz, f 2 = 5.32 GHz and f 3 = 2.94 GHz) and for case-3 (f 1 = 2.2 GHz, f 2 = 5.53 GHz and f 3 = 4.15 GHz). The design charts shown in Fig. 3 are used to obtain these specified frequencies.
DESIGN AND FABRICATION OF THE TRIPLE-BAND BSF
For case-1, the design chart provides three different capacitance values (C 1 = 0.8 pF, C 2 = 0.3 pF and C 2 = 0.9 pF). For case-2, the three capacitances are (C 1 = 1.3 pF, C 2 = 0.3 pF and C 2 = 1.3 pF). For case-3, the capacitances are (C 1 = 0.7 pF, C 2 = 0.3 pF and C 2 = 0.7 pF). Embedding these capacitors in the C-type slot at positions 1 and 2 as shown in Fig. 1(b) provides the TB-BSFs for these frequencies. The fractional bandwidth, loaded quality factor and external quality factor are calculated by using Eqs. (3) to (4) .
where f max and f min are the 3 dB frequencies, and f 0 is the resonance frequency. The frequency responses of the TB-BSFs for these three cases are illustrated in Fig. 5 , Fig. 6 and Fig. 7 . Note that the return losses (RL) between the stop bands are: 17.2 dB ∼ 19 dB for case-1, 16.2 dB ∼ 20 dB for case-2 and 15.2 ∼ 22 dB for case-3. The insertion losses (ILs) are: 0.04 ∼ 0.07 dB for case-1, 0.05 ∼ 0.06 dB for case-2 and 0.08 ∼ 0.09 dB for case-3. The performance of the proposed TB-BSFs are compared with the earlier published work, as shown in Table 1 . Our all three filters are compact against the reported filters, and the control on stopband is relatively easy. The loaded quality factors of our proposed filters are higher than the reported filter in [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The fabricated prototype is presented in Fig. 8 . 
CONCLUSION
A very compact Triple-Band BSF using embedded chip capacitors has been designed and fabricated for frequencies 2.2 GHz, 5.53 GHz and 4.15 GHz with attenuation levels 33.5 dB, 27.6 dB and 24.9 dB. Insertion losses (IL) between the stop bands are between 0.08 and 0.09 dB. Design charts are also developed to design the TB-BSFs. Such a type of filter can be useful for the modern microwave communication system to suppress unwanted signal frequencies from the WLAN and UWB band.
